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INTRODUCTION

The basic objective of this work s to help solve corrosion problems

-on sircraft with the application of electrochemical techniques. Specific

objectives include the determination of the mase transport properties,
mechanism of corrosion initistion, and inhibitor leaching rate of various
Navy paints. The paints received from BADC for this study are identified
in Table 1.

The progras has deen divided into three phases or tasks. In the first
phase the physical and transport properties of the paints listed in Table 1
were to be determined. The transport properties include water permesbilitcy
and solubtlity, lonic diffusivities and transference numbers, and other
mass transport parameters required by the mathematical modeis. The first
phase proceeded as originally conceived and is substantially complete. The
second phase of work has also begun. In the second phase, an attempt is
being made to quantitatively understand mass transport in paints through
the use of masthematical models. Several msthemstical models have been
developed and tested. It is apparent from this analysis that a wide
range of mass transport behavior is exhibited dby paints of interest to the
Navy and that the transport property exhibiting the greatest influence on
corrosion s & function of s number of physicsl parsmseters, geometry, and
time. The third phase is correlation of the model results vwith field
performance of paint systems. It is contingeant upon the successful completion
of phase two.

SUMMARY

Phase one is nov substantislly complete; the mass transport properties
have been determined. Adhesion tests were unsuccessful and have dbeen
discontinued. Phase two s currently in progress. A detailed methemsticsl
sodel of the transport mechanism in paints wes developed and tested. The
results showed even more complex transport behavior than wes originally
envisaged.
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TABLE 1

Paints with Physical Properties
Civen in this Report

ETC
Mil Spec. Binder Color Designation
Code
Paints delivered by NADC
MIL-C-83286 B polyurethane gray, flat FP-PUR
MIL-C-83286 polyurethane vhite, glossy GP-PUR
MIL-P-23377 D epoxy polyamid yeliow YP-Epoxy
MIL-C-85054 silicone alkyd clear WD 2
MIL-P-85658 silicone alkyd (a) whice woPrtT
Reference paints from prior contract work (b)
MIL-C-01286 polyurethane (c) clear 0-PLR
MIL-C-81773 B A/S polyurethane (d) clear N=-PUR

(a)
(b)
(c)

(4)

Same binder as WD 2 bdut with added pigment.
See Ref. &,

Desoto, Inc., Chemical Coactings Div., Berkeley, CA (Meets Boeing
Materials Specification EMS-10-60D-TYII).

Formulated at ITC (Ref. 4).

e ————— —————— ——— P
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A second mathematical model hss been developed based on the original
model and experimental results. Certain aspects of the complex msss transport
behavior of paints have been simplified in this model. The effects of the
aluminum oxide on the aluminum substrate have been included in the expressions
for the electrochemical reaction kinetics. The kinetic expressions are also
sinplified models of real behavior. Although this model incorporates meny
simplifications, it is anticipated that the essentisl characteristics of the
corrosion sechanisa have been retained. If the model can be confirmed by
correlation with corrosion tests it can be used to prescribe the characteristics
of the coating systems which determine its corrosion performance. It fs»
anticipsted that the relative importance of various transport properties will
depend on the geometry and other physical properties of the corrosion cell.
Once the physical properties have been specified and the relative {mportance of
the transport properties assessed, the relative merits of various costing
svstems will be eveluated.

The development of the mathematical model partially cowpletes task two
of the work statement. The transport of wmobile species in the paint has been
sodeled and a computer program is available; however, it has been determined
that the sodel sust include surfsce reaction kinetics as well in order to
accurately describe the corrosion process. Experiments have not been conducted
to determine the kinetic parametera. The mathemstical model has not yet been
correlated vith corrosion experiments; this work constitutes task three of
the vork statesment.

EXPERIMENTAL RESULTS AND DISCUSSION

Hittor! Experiments

Hitcorf experiments vere performed to determine the transport properties
of fons and vater {n paint films. The films were prepared by spray painting
sheets of decal paper. When the paint had dried, the paint filma could easily
be removed froe the decal paper by soaking in water. Detached paint filme
prepared in this manner have been termed "free filme.”

Mictorf! experiments were conducted in sodium chloride solutiom to
determine permsability coefficients snd transference numbers of sodium and
chloride fons snd water through free films of paint. Radiotracers (22Na or
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36Cl) vere ised to deteraine the flux of the appropriate fon scross paint
sesbranes. Tritiue (’u) was used to trace the water flux. The basic
Bittorf experiment consists of measuring the fluxes of the mobil species
which pass through the paint fils from one aqueous sclution to another.

.The two aqueous solutions were identical except that one contained radiotracers.

Figures ] and 2 show hov the radiotracer activity in the solution originally
devoid of tracers (top solution) changed with time. 1In this experiment

two different applied voltages were tested. FPigure 3 shows a linear relation-
ship between the sodium and the total charge passed through the membrane,
despite the fact that the current density varied more than a factor of

twvo over the course of the experiment.

Hittorf experiments were conducted with all paints listed in Table 1.
Attempts wvere made to complete experiments with WD-2 in 1.0 N NaCl solution,
but these attempts repestedly failed because of the physical properties of
this coating. All Hittorf results are presented (n Appendix A snd a summary
is presented in Table 2. (Corrections were made to sowe of the data previously

given in quarterly reports.)

The Hittorf results show considerable variability in many of the
transport properties. The conductivity and fonic permeadbility coefficients
show order of magnitude variastions betveen specimens as well as large
changes with time. The source of these variations has not been determined,
but if the classic theory is adopted they must represent changes in either
the {on solubility or diffusion coefficient. The relationship between
perweability coefficient, diffusion coefficient, and dimensionless solubility is

PeDS 1)
The dats obtained here were insufficient to determine if the changes in
permeability resulted primarily from varistions in efther the diffusion
coefficient or the soludbility.

Table 2 shows the arithmatic sversge transference numbers and the
geometric average conductivities obtained in Rittorf experiments. One
interesting result illustrated in Table 2 {s that the transference numbers
of sodium end chloride ions do not sum to unity. It is generally sssumed
that costings immersed in squeous sodium chloride solution will transfer
charge by fosic sigrstion of sodiva snd chloride fons. Clearly this assumption
{s not sccurate for meny paints. The standard deviation of transference
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co?/e).

g R RS




a7

-~

(R ' ‘ -

NADC~84107-60

12p=
¥
- !
no r
- L
o
- | E
z
< )
ot
s GL- o & “
S | i |
g [
= °
‘rr
[ 4
= o ' |
~ |
|
2l |
e il N —t 22.0 V
0 100 200 300
TINE (h)

Fig. 2. Rediocsctive sodium-22 activity ia the top compartment of & }
experiment with GP-PUR. O = experimentsl] points. The curwe
straight line segments through the data obdtained st comstamt




Ltom,
T

NADC-84107-60

t, = 0.668

r = 0.9966

500}
— 400
>
S
2 300
b 4
-t
-
-
>
-
(=4
“ 200
t <
2
(=]
(=4
(V]
100
0
()
Figure ).

200 400
CHARGE (Coul.)

Zquivalents of sodium passed through GP-PUR versus total charge.
The slope of the best straight line through the data ves taken as
the transference number. Lesst squates slope (t4) and correlation
coefficient (T) sre showm.

10




.4 ™ .

[ NADC~84107-60

Tadble 2

Average Transference Numbers of Sodium and Chloride
in Paints in Aqueous Solutfon at 25°C

NaCl Average Transference Number Average dc
Paint Conc. t. t, t_+t, Conductivity
(N) (S/cm)
0-PUR 0.1 0.31 0.41 0.72 6.1 x 1071
S-PUR 0.1 0.20 0.42 0.62 “x 10710
. FP-PUR 0.1 0.12 0.48 0.60 1.9 x 1077
1.0 0.20 0.29 0.49 1.2 x 1078
GP-PUR 0.1 0.13 0.54 0.67 6. x 10712
YP-Epoxy 0.1 0.40 0.14 0.54 2.8 x 1077
o 1.0 0.59 0.28 0.87 2.1 x 1078
; WDPT 0.1 0.11 0.56 0.67 1.x 10”7
2 1.0 0.8 0.4 0.82 3.0 x 107°
i WD-2 0.1 0.63 0.33 0.99 s.x 10°8
;

YR Ve

3%

+
B

u




NADC~84107-60

numbers obtained {n duplicate experiments is about 0.1 and it may de

assumed that the error in the sum 1is about 0.2. Seven of ten entries in
Table 2 therefore show that a significant portion of the current is not
.carried by sodium and chloride. 1In another study a larger nut. er of experi-
sents were performed with O-PUR. Statistical analysis of those data showed
that the sum of the transference numbers for sodius and chloride is
significantly less than unity. This finding was confirmed here for six of
the seven paints tested in 0.1 N NaCl solution (Tadble 2), but for only

one of three paints tested In 1.0 X NaCl golution.

The fact that sodium and chloride do not carry 1002 of the current
raises the question of which species carry the remainder. This question
has been addressed in previous reports but has not yet been resolved.
YP-Epoxy presents s special case. This primer contains a soluble inorganic
inhibitor, SrCr0 . Strontium chromste composes about 521 of the coating
aass (1) and has a solubility in water of about & x 10-] m. It is therefore
expected that S‘»r’2 and Cr0: ifons carry some current, and that the fraction
of current carried by these tons increases as the sodium chloride concentration
decreases. This type of behavior is observed, as shown in Tadble 2. It is
possible that pigments in other paints provide a source of ions, but more

study will be required to clarify this point.

Another possible source of ions is the production of hydrogen and
hydroxyl ions in the paints by water splitting. Such a process is known to
occur 1in iilute boundary layers near membranes snd electrodes (2). Since
the solubility of sodiums chloride in paints is low, paints immersed in
aqueous electrolyte can be considered as dilute solutions {n wvhich water
splitting takes place. Another possibility is simply that hydrogen or
hydroxyl tons have s much higher solubilicty in paints than do sodium and
chloride. The fon solubility experiments discussed later in this report
tend to support this hypothests.

1f hydrogen and hydroxyl fons do carry part of the curreat then the pH
of both solutions adjacent to the mesbrane should change in Hittorf experiments.
Changes in pH have been observed, but no trends have been noted, as wvould bdbe
expected if vater splitting occurred. Most of the Hittorf experiments require
seversl weeks to complete, and the expected pH changes are small so that some

12
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secondary process say be masking the effects of water splitting. 1t is

therefore not yet possible to fdentify the fons other than sodium and chloride
which carry current in these paints.

Table ] presents a summary of the average transport properties of
seven paints. The tabulated concentrations of chloride and sodium in the
paints are the results of fon solubility experiments discussed in a later
section. The permeability coefficients which are tabulated are the
geometric means of normalized permeability coefficients. The normalization
vas performed to reduce time dependent scatter in the data. It was observed
that the conductivity of paint mewbranes varied with time in the course of
8 single Hittorf experiment, and that the fonic permesbility coefficients
also changed in s corresponding msnner. This type of behavior would bde
expected 1f the costing had been tested in several solutions with different
sodium chlortde concentrations, but it was not expected in individual Mittorf
experiments. It wvas therefore decided to normalize the permeadbility
coefficients obtained, not only in single experiments but also for different
experiments. The normalization factor was based on coating conductivitiy
according to the equation

P.k.

P - (2)
" l‘A\n

= the normalized permeability

= the experimental permeability

k_ = the experimental conductivity

k * the geometric mean conductivity.

Each apparent diffusivity listed in Table ) was calculated from the corres-
ponding permeability coefficient and sclubility according to Bq. 1.

The flux of a species through a membrane can be vritten as

acC
i 1]
re-p—-2C & 3)
a‘?
4v = the change in dimensiocnless potential across the membrane o 3 de.
L
c‘ . (1/»)_{ c‘vnx (&)

L » mesbrase thickness
c‘ o concentration in the sgeuvcus electrolyte is equilibriwm
with the ssnbrese.

13
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Equstion 3 {s based on two assumptions: the diffusivity is e constant, and
the dimensionless concentration f{s a constant. It is clear from Iq. )
that, for a given set of circumstances, the flux of the msobile species

-is proportional to {ts permesdility coefficient.

The time required to reach a steady state condition depends on the
diffusivity not the permeability. The time constant for diffusion 1s

2

¢, - = (5)
i i

e

In practical applications both the time constant and the steady-state flux
are important. Table & shows how the six paints studied here rank with
Tespect to both the permeability coefficient and diffusivity. The paints

are ranked in order from 1 to 6 with 1 being the 2inimum value of perseability
or diffusivity and 6 being the maximum value. According to these results
GP-PUR should provide the best protection both in terms of time required for
fons to penetrate through the costing to the metal surface and in terms of
the saxisum flux of fons which can flow. If the permeadilicy and diffusivity
are of equal impcrtance in & given application then the pafnts can be scored
by summing the four entries i{n Table 4. The results of this procedure are
shown {n Table 5. This procedure illustrates one vay the experimental data
can be used to rate coating performance, but to be of practical value an
appropriate weighting factor must be applied to each parameter (diffusivity
or permeability). The weighting factor will describe the relative importance
of each parameter in the particular environment in vhich the paint will be
used. For example, the diffusivity is of lictle importance 1f the paint vas
spplied over a dirty surface contaminated vwith sodfium chloride. Also the
results in Table 5 apply to single-coat systems, and would therefore not
spply to two-cost systems such as GP-PUR over YP-Epoxy. These results

do however show the kind of ranking procedure which could be employed once

the use and phyetical conditions the coating will be subjected to have been
specified.

$rCr0, Leaching fros YP-Epoxy

Leaching experiments were conducted with YP-Epoxy. A weighed specimen
of peint was placed in 30 al of well-stirved distilled water. Periodically

13
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Tadle 4

Relative Ranking of Sodium Chloride Transport
in Paints Exposed to 0.1 N NaCl Solution st 25°C

Rank Permeabilicy Diffusivity
Cl Na Cl Na
1 GP-PUR GP-PUR GP-PUR GP-PUR
2 0-PUR 0-PLR 0-PLR FP-PUR
3 N-PLR N-PUR FP-PUR O-PLR
o FP-PUR FP-PUR wWOPT WDPT
b] WDPT WDPT YP-Epoxy YP-Epoxy
6 YP~Epoxy  YP-Epoxy N-PUR N-PLR
Table 5

Total Score of Paints Listed

in Table &
Rank Paint Total
1 GP-PUR 4
2 0-PUR 9
3 FP-PLR 13
4 N=-PUR 18
S WDPT 18
6 YP-Epoxy 22

16
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300 .L of the solution were vithdrawn and & 200 uLL portion of this sample
ves added to 25 ml of distilled water. Then the electrical conductivity of
the resulting mixture was determined. The conductivity obtained in this
vay was subtracted from the conductivity of the original 25 sl of distilled
water vhich was determined immediately prior to the addition of the 200 .L
ssmple. The time constant for diffusion of inhibitor out of YP-Epoxy was
about 1000 m. Assuming the leaching rate {s controlled by diffusion in the
paint, a diffusivity can be calculated from the time constant and the paint
thickness (sbout 150 .a). The dfffusivity calculated in this manner is

9 x 10'10 Clz/l). This compares with the diffusivity of NaCl: 7 x 10-10
c-z/a. The diffusivity of NaCl was estimated from permeadbility coefficients
obtained in Hittorf experiments and solubilities obtained dy using radio-

isotopes.

Humidity Chamber Experiments

Mater Solubility
| A crystal oscillator apparatus was used to determine the solubilitcy
of water in paints. A detailed description of apparatus and procedure are
given in Appendix B. Typical results are shown in Fig. & as mass of vater

ot e pe

absorbed per kilo Pascsl of water pressure versus the mass of paint applied
to the quartz crystal. The slope of the curve represents the solubility

of water {n GP-PUR. The soludbility of wvater in GP-PUR exposed to partial
pressure of wvater of 3.52 kPa at 131.6°C was 0.028 .—Hzolgopain:. The data
in Fig. & have a significant negative intercept vhich may indicate some type
of error or curvature in the ocscillator's frequancy response as mass is
added. Another possibdility is chat the eolubilicty of wvater is & function of

LY e

st B

coating thickness.

The solubility of water in the paints examined here is summarized in
Table 6. These results are based on the slopes of the lesast-squares lines
through dats similar to that shown {n Fig. 4. These results show that the
solubility 1s relatively constant for all the paints tested. YP-Epoxy
exhibits the lowvest solubility partially because of the large volume
fraction of dense solids and partially because eponies sord little water.
GP-PUR exhibits the grestest water solubility. The solubility of water in
GP-PUR, on & pigment-free basis, is sbout 2.4 times that of wnpigmented N-PUR
(3). Since the pignents are generally inorganic crystalline materials with

17
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Table 6 ;

Average Transport Properties of Water
in Paints at 30°C

oy

‘ §
;
Perneability Diffustvity x 10° 1
Paint Solubtlity  Coeffictent x 10°° ;
( ~8-H,0 ) (cal/e) (cnl/s)
(g-paint) (Ps)

O-PUR 5.6 6.0 15.

N-PUR 6.7 3.6 11.

GP-PUR 7.9 5.6 11.

FP-PUR 8.0 10.9 21.
YP-Epoxy 3.7 2.0 7.1 3,
WDPT 6.0 5.4 19. i
Wb2 5.8 1.0 3,500 i
;
* Data obtained with crystal oscillator apparatus f
4® Calculated from P = DS 3

|
}

19
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low solubtlity in water it is unlikely that a significant volume of water

is {ncorporated into the pigment particles themselves. These data therefore
indicate that the pigment interacts with the dinder in some way to enhance
the solublility of water. Water has been shown to concentrete near some
paint-setal interfaces («-6). Perhaps a similar phenomenon occurs at the
paint-pigment interface. In any case it is apparent that pigments have a
great effect on the soludbility and thermodynamics of water {n paints.

water Diffusivity

Analysis of the time transient data obtained with the crystal oscillator
spparatus provides diffusivities of water in the paints. Average diffusivities
of water in five different paints are shown in Table 7. More detailed
results are presented in Appendix B. Diffusivities obtained with the crystal
oscillator apparatus are slso shown in Figs. 5-7. These results show that
the diffusivity {s in general a function of weter concentrstion, or vater
activity in the paint. The diffusivity of wvater in the three paints
fllustrated here tends to decrease as the activity of water increases.

This same trend was found previously for unpigmented polyurethshe coatings,
N=PUR and O-PLR, but the effect was more pronounced in the unpigmented
materiasls («). The effect of coating thickness was also greater with
unpigmented paints. Both O-~PUR and N~PLR show & significant increase in
apparent diffusivity with {ncreasing thickness when the coatings are thinner
than about 10 um. The diffusivities obtained with thick membranes in Hittorf
experiments did not depend on thickness. The average diffusivity obtained
from Hittor{ experiments is also shown in Figs. 5-7. These values vere
obtained by dividing the permeability coefficients obtained in Mittorf
experiments by the dimensfionless solubility obtained with the crystal
oscillator. The Hittorf diffusivities are generally grester than those
obtained vith the crystal oscillator. This result vas sssumed to be due to
the fact that thicker membranes vere used in Hittorf experiments, but it may
aleso be related to differences in experiments]l conditions or membrane history.

The data obtained with the huaidity-chamber apparatus suggest & number
of generalizations. The absorption isotherme of individual paint specimens
sre adequately represented by Henry's lav. Some curvature of the isotherss
say be present, but the error introjuced by the Meary's lev spproximstion is
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Table ?

Aversge Diffusivity of Water in Paints at 30°C
Exposed to a Partfal Pressure of Water Equal to 3.5 kPa

Paint D
(Clz/l)
-9
FP-PUR J x 10
GP-PUR 1 x10"°
YP-Epoxy S x 10-10
0-PLR 1 x 107
<10%e
N-PUR 8 x 10

* Sample thickness approx. 2 .m

*¢ Sample thickness approx. & .m

F§1
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smaller than other uncertsinties inherent in these experiments. In general
the solubility dats are more reproducible than the diffusivity results.

The average solubility depends on the coating thickness. This effect can
be interpreted as either a varfiation {n solubilicy with position 1in the
coating, or as a result of twvo different phases asbsorbing different quanti-
ties of water (4). 1In addition to the effect of thickness, the solubilicy
also depends on temperature. The diffusivity is a function of temperature,

water concentration, and coating thickness.

These results explicitly show the complex nature of diffusion and
sorption {n paints. It is expected that other solutes will exhibit similar,
equally complex behavior, but some simplification is possible 1f {t can be
assumed that the temperature and vater concentration are constant. This
1s & reasonable assumption for isothermal exposure to an electrolyte of
fixed concentration, as in s standard salt spray test. Table 6 shows typical
values of the transport paraseters for water in paints. It is interesting
that the three different parsmeters each fall in relatively narrow bands.
Presumably this result 1s a consequence of the function these paints have

been formulated to perform.

The results shown in Table 6 are representative of what one might find
in a salt spray test. Under these conditions water quickly penetrates
the costing and is present at unit activity near the paint-setal interface
in & fev minutes. The time constants for diffusion of water cover the range,
20 m < L2/D< 120 m, for a 50 um thick coating. The maeximum water flux for
50 .@ thick coatings has also beaen calculated. The flux ranges between
1.1 x 10”2 mol/(cw?+s) and 1.2 x 10”2 mol/(cal-s). Assuming two electrons
per vater molecule, the corresponding current densities are 2.2 x 10-‘ Alca2
and 2.4 x 10'3 A/cn2 respectively. The average corrosion curreat for aluminum
in a solution with pH equal to three {s about 1.5 x 10“ Alc-2 (7-9). Thus
vater diffusion is not generally a rate limiting step in the corrosion process,
but 1t could become rate limiting in & corrosion cell where the local corrosion
rate is orders of magnitude grester than the average.

23
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Solubflity of Sodium and Chloride in Paints

The solubility of chloride and sodium ions in paints vas determined
with rediotracers. First & known mass of paint vas equilibrated with 2 al
of 0.1 N NaCl solution containing a known activity of either sodium-22
or chloride-36. The pajint remained in this "hot” solution for approximately
three veeks. The temperature wes 25°C ¢ )°C. Next the paint wvas removed
from the "hot” solution and briefly rinsed in three separate 0.1 N NaCl
solutions containing no radiotracers. The paint wvas then allowed to equil-
idrate with 2 al of radiotracer-free 0.1 N NaCl solution. Periodically
10 .1 samples vere withdrawvn fros this solution and analyzed for radiotracer
content. The solubility of the radiotracer species was calculated according

to the forsuls

c = 2 (6)

vhere C’ = concentration of radiotracer species
(Ne or Cl) in the paint, mol/g
V, = the volume of the leaching solution, c-3
= the concentration of radiotracer species {n the leach
solution, lol/c-3

M = mass of paint, g

= equilibrium activity of radiotracer in the “hot” solution, uCt/c-J

= equilibrium activity of radiotracer in the leach solution, uCt/c-3

The concentration of sodium and chloride in paints exposed to aqueous
electrolyces is shown in Table 8. No dats were obtained with WD2 because
the free films made of this bdrittle meterial cracked and crumbled into meany
emal]l pieces. Mayne and others have suggested that paints exhibit ion
exchange properties (10-14). These properties result fros a large excess of
one type of bound chargs. The ratio of the concentration of chloride to that
of sodium is shown in Table 8. In no case is a large excess of one charge
type found.
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According to the theory of fon exchange mambranes, sodium and chloride
should be present inside the membrane as either cofons or counterions.
Donnan exclusion should govern the absorption of coions. PFigure 8 shows the
iunlttntxvc behavior of both types of fons in fon exchange materials The
concentration inside the membrane is C. The concentration in the external
aqueous electrolyte is cb’ and C. is the excess fixed charge which {s bound
to the msmbrane. Figure 8 shows that the dimensionless solubility (C‘/Cb)
of cofons increases as the concentration of electrolyte in the squeous
solution incresses. The dimensionless solubility of colons ssymptotically
approaches zerc at low aqueous concentration and s higher value at high concen-
tration. At any concentration (Cb) the value of the net fixed charge is

equal to the difference betveen the counterion and coion concentrations.

The data illustrated in Table 8 do not conform to the Donnan-exclustion-
fon-exchange-menbrane theory. Sodium and chloride solubilities both increase
with f{ncreasing Yall concentration for N-PUR. An opposite trend is observed
vith YP-Epoxy and WDPT. With FP-PUR and CP-PUR in NaCl one of the solubilities
increase and the other decreases, but the chloride to sodium racio {s both
above and belovw one for both these polyurethanes. This dehavior is prohibited
by the Donnan theory of ion exchange membranes. We therefore conclude that
none of the coatings tested behaves as a classic 1on exchange membrane.
Neither do these paints behave ss ideal homogeneous phases. In this case
ve would expect to find the concentration of both sodium and chloride in the
paint phase governed by mass action; {.e., the dimensionless solubilities
of both sodium and chloride would be constant and squal. We therefore
conclude that some strong specific interaction occurts in the paint phase.

The specific intersction could be between any two of the four msjor components
of the paint phase: sodium, chloride, water, or polymer. The electrostatic
interaction between an ifon exchange membrane and mobile ions i{s one type

of specific interaction, but the data indicate that this phenomenon s

not & primary considerstion in these paints.

One possible type of specific interaction wvhich has been considered in
this study 1is ion association. This association 1esults vhen the dielectric
constant of the solvent (paint) becomes 80 low that the asttraction between

- N o - e
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fons can overcome the effects of entropy and solvation. The ion association
theory of Fuoss (15) was tested to see 1if it could explain the experimental
results. The theoretical results vere in qualitstive but not quantitative
agreement vith the experiments. The theory did suggest strongly that ion
association occurs in paints. Ome limitation of the Fuoss theory is that

it assumes the solvent (paint) is homogeneous, has unifors dielectric
constant, and lacks any other specific interaction with all solute species.
These assumptions are reasonable for many fluid solvents but are undoubtably
invalid for some solids like polymers. It 1s therefore concluded that: fon
association probably occurs in paints, and that there is some specific

interaction between the polymer and the "fonic" solute species, but the

exact nature of the specific interaction is not yet known.

Density of Psint Films

The densities of a number of paint filme were determined by weighing
specimens in air and under water. The results are listed in Table 9. It
ts clear that the pigments contribute a significant fraction of the weight

to some of these films.

Average Water Permesbility in Thick Paint Filme

Experiments were continued to determine the average permeability
of water in coatings. The diffusion-cup method (ASTM E-96 procedure BW)
vas used. The wvater flux through filss of paint was determined by recording
the rate of weight loss of the diffustion cups. The average permeability
coefficient P was then determined from the equation

pald N

[
where P = average permeability coefficient, Clz/ﬂ
L = paint fils thickness, ca=
J = vater flux, nl/c-z--

C = water concentration inside the cup, ul/cn’

The permeadilicy coefficient, P, depends on the diffusivity and the
dimensionless solubility (16)
P eDdS (8)
The solubilicy 1s defined

b )|
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TABLE 9

Paint Densities

S
(8/cnd) ()

YP-Epoxy 1.808 & 0.78

GP-PLUR 1.553 3 0.10

FP-PUR 1.538 & 0.27

“OPT 1.73) 3 0.35

PYeN 1.161 3 0.69

o PUR 1.137 3 0.9

o PLR 1.154 8 1.6

N PLR 1.156 A 2.9

n
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Cc
s 9
vhere $ = solubilicy

C- = water concentration in the paint mesbrane, ml/c:-3

{ C = water concentration in the squeous solution in the cup, nl/c.l
The solubility {s a thermodynamic paramster which can also be written as
s L (10)
]
vhere o ® the activity coefficient of water in the paint membrane
v = the activity coefficient of water in the solution.

The permeability coefficients calculated according to Eq. 7 are shown
in Table 10. The values of P shown in Table 10 compare reasonably well with
those obtained with the crystal oscillator apparstus at 30°C (Tedle 6).

Also shown in Table 10 are the activation energies, the corresponding linear
correlation coefficients, and the number of experimental data points correlated.
The permeability coefficients are functions of tempersture, which affects

both the diffusivity and soludflity. The tadbulated velues of P have been
extrapolated to 25°C according to the Arrhenius equation. Another permes-
bility coefficient, P_, is also shown in Table 10.

(4
-2
. (1)

P e
[

-« |9
L

where the standard state for water has been taken as a pure liguid st 25°C.

It was noted in these experimsnts that Pc i relatively independent of
temperature.

The data {llustrated in Table 10 provide order of magnitude estimates
of the permsability coefficients. YP-Epoxy exhidbits negative activation
energies, possibly indicating that the soludbility of weter in the coatings
decreases vith temperaturs. A continuing polymarisation reaction or some
other chemical or physical change within the psint could slso produce
negative activation energies.

Adhesion Experipeste
Experiments were conducted to determine the adhesion of thres of the
coatings to 7075-T6 slumisum vhich was efthar ancdised or conversion coated.

33
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The tests wvere conducted at roos temperaturs, 20°C, and utilized a cutting
machine similar to the "Hesiometer” described by Asdeck (17-19). The results
of the experiments have been analyzed according to Merchant's (20, 21)
theories of cutting, and surface energies of adhesion have been obtained for
two of the three coatings tested. The results were of quesationable reliasbdil-
ity because the data obtained in the experimsnts does not counfors to the
Merchant cutting theory. It was concluded that this mathod of determining
the adhesion vas unsatisfactory for paints on anodized or conversion-costed

sluainum, and these studies wvere discontinued.

MATHEMATICAL MODELS

Introduction

Now that the transport properties of paints are known it is desired
to reliadbly assess the relative importance of these properties in the
corrosion protess. As we have already pointed out the relstive importance
of the various parameters will change depending on such factors as age of
the paint, temperature, geometry, oxygen availability, etc. Therefore, some
model of the corrosion process is required to quantify how each parameter
affects the corrosion rate. When this information is availsble, the relative
faportance of each parameter can be determined and each coating system can
be rated on a relative scale for any prescridbed set of physical conditions.
The mathemstical model described below is based on the results of experiments
performed to date and forms the framework of this appraoch.

The aversge permeability coefficients of ionic species in GP-PUR,
FP-PUR and YP-Epoxy are shown in Table 11. These data indicate that the d¢
conductivity of all three paints increases with the concentration of sodium
chloride in the bathing electrolyte. These materials would therefore de
classified as "“direct” according to Mayne's criterion (10-14). Also
according to Mayne the paint fils resistsnce should be greater than 10 Jcnz
for good corrosion protection. According to this theory the thickness of a
coating must exceed a critical value to provide good protection of the metal.
The criticsl thickness 1s alsoc shown in Table 11. It is clear that 1t §s
impractical to use either FP-PUR or YP-Ipoxy according to this criterionm.
Table 11 sleo shows that the primer coat, YP-Epoxy, s orders of magnitude

3
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Teble 11

lonic Transport Parameters and
Critical Thickness of Paints at 25°C

NaCl Permeability Coefficient Cricttcal
Paint Concentration Conductivity Cl- Na Thickness

) (5/cm) (ca’/s) calfe)  (cm)
GP-PUR 0.1 6. x 10712 3 x 10713 1x 1071 6. x 107"
FP-PUR 0.1 1.9 x 1077 7 x 10713 2 x 10712 0.2
YP-Epoxy 0.1 2.8 x 1977 3 x 10710 1 x 10710 28.
CP-PUR 1.0 9. x 107} 9. x 1073
FP-PUR 1.0 1.2 x 1078 6 x 10713 8 x10 13 1.2
YP-Epoxy 1.0 2.1 x10°® 4 x 10710 6 x 10 210.

. s .
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more conductive than either of the topcoat paints. Thus the resistance of
any practical two-layer system of primer and topcost exhibits practically
the same resistance as the topcoat would aslone.

In YP-Epoxy the inhibitor is SrCro‘ (1). 1t appears ressonable to assume
that strontium and chromate ions have permeabiiity coefficients in the
topcoat paints no greater than sodium and chloride. In this case the inhibitor
is essentially trapped in the primer layer between the metal and the topcoat.

It 1s fnstructive to determine the approximste time required for
sodium chloride to penetrate from sn externsl solution to the setal. Assume
that all che resfstance {s in the topcoat vhich is spproximately 31 um thick.
For GP-PUR the permeadility coefficient is about 10'“ c.zll and the

dimensionless solubility of MaCl s about 1072, The diffusivity s

p-f. 10712 ca?/q (12)
The time constant for sodium chloride diffusion is

2

t--:;—-z.OxlO’c a»
A similar calculation for P-PUR yields

Do 107! ca?/e (14)

t«2.6x10°s (15)

Thus sodiua chloride will have completely penetrated the coating in a few
veeks to months. In either case the time is short compared to the desired
service 1ife of the costing systes. It 1s clear from thess calculations

that paints do not protect sclely by preventing aggressive ioms from reaching
the metal.

Asother calculstion ces de performed to detersmine 1if paints protect
metals by limiting the rate of oxygen diffusion. Correlstions were used
to eotimate the diffusivity and solubility of oxygem ia polyurethane (22).

DO, = 6 x xo".:-’/- , (16)

€0,) = 3.2 x 0™ wol/cn an
The limiting oxygen flux through a 31 us thick fils 1s thea

30) = 3.8 x 107 mo1/(eal-0) Q1e)

The corrosion curremt for aluminue varies grestly and depends om many varisbles,

»
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but 1t is usually in the range 10“9 A/cnz‘ 1« 10-6 A/c-2 (7-9). The maximum
corrosfon current of 10‘6 A/c-2 corresponds to an oxygen flux of

190,) = 5.2 x 10712 w01/ (ca’-0) (19)
Thue J'loz)/J(oz) = 0.14 (20)
This calculation demonstrates that paints do not retard the corrosion of

slumninum primerily dy limiting oxygen diffusion.

Similar calculations to determsine if water could constitute a limiting
resctant showed that the corrosion rate is not limited by the diffusion of
water. Since, for uniform corrosion without physical separstion of snodic
and cathodic reaction sites, ion transport {s not required, these calculations
indicate that the transport properties of paints do not directly affect the
uniforms corrosion rate of sluminua. This result leads to the conclusion that
corrosion kinetics, oxide breskdown, and passivation are the primary

phenomens vhich control the corrosion of painted sluminum.

The preceding statements apply when no current is forced to flow through
the coatings, {.e., when unifotm corroston occura. Many, perhaps most,
practical corrosion problems involve localized corrosion cells and involve
physical separation of the anodic and cathodic reaction sites. lonic current
sust flov between the anodic and cathodic sites. This raises the question
of how these local corrosion cells are formed and maintained. Differential
aeration is probably the best known mechanisa of formation of local corrosion
cells. Differential aeratfon can occur under paint coatings, but it {s not
a primsry sechanism under uniforw, intact coatings because oxygen is not
excluded and {s not & limiting reactant. Another mechanism appears responsible
for the formatton of locsl corrosion cells on painted saluminum. This
sachaniem 1is based on the fact that aluminum corrosfon is auto cacalytic (23).
The coating reduces the flux of cations diffusing sway from local anodic sites,
and 8 buildup of cations results, increasing the anodic reaction rate. Thus
the presence of the coating actually adds to the tnstability of the metal and
enhances the possibility that a corrosion cell will develop. It 1s therefore
reasonable to assume that separation of anodic and cathodic sites is the rule
rather than the exception on pasinted sluminum.
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Models

The models developed in this section are based on the principles
discussed previously and the results of the experiments. The physical
system which will be discussed is an 18 um thick coat of YP-Epoxy covered
by a 51 um thick topcoat assumed to be GP-PUR. Some of the transport properties
of these paints vere listed in Table 1l1. Additional properties are presented
in Table 12.

The Role of Inhibitors

Because the oxide f{lm on aluminum controls the corrosion reaction rates
we must be concerned with the phenomenon of passivation. Furthermore, the
primer is f{lled with a chromate inhibitor which also has a direct affect

) on the passivity of aluminua. The subject of passivation is complex, and
only certain essential characteristics of this phenomenon will be dealt
with here.

It 1s known that the pitting of aluminums is a function of the concen-
tration of both the aggressive and inhibitor anions. Bohnf and Uhlig (24)
have deternined that, for a given concentration of inhibitor, a critical

concentration of chloride fon can be specified. Pitting takes place when the

chloride concentration exceeds the critical value, and log-log plots of
critical chloride ton activity versus chromate fon activity are straight
lines. These authors also showed that the pitting potential of aluminum

varies inversely with the logarithe of the chloride fon activity. Later
Kaesche (25) generalized these results and showed how the pitting potential
depends on both chloride and chromate ion activities. These results have

been used here to describe the role of paint fnhibitors in reducing corrosion.
It is assumed that the inhibitors act only through their effect on the pitting
potentisl. TFigure 9 shows spproximstely how the pitting potential of

aluainum depends on both chloride and chromate fon activities.

Anodic Reaction

Aluminum s assumsd to be passivated. A typical anodic polarization
curve for sluminue in chloride solution is shown in Fig. 10 (26). The

»
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Table 12

Physical Properties of Paints Used
To Form the Tvo-Layer Model Systes

Property GP-PUR FP-PUR YP-Epoxy
Speciiic Gravity 1.553 1.538 1.808
Pigment SrCrO‘
Wt % Pi{gment 52
Vol 2 Pigment 24
-10 -9 ~10
H20 Permeabtility® 5.4 x 10 1.8 x 10 2.9 x 10
(ca2/.)<o.1 N NaCl) 10 10
(1.0 N NaCl) 5.6 x 10~ 1.6 x 1077 1.3 x 10
H,0 Solubilityee 0.025 0.025 0.012
(g/g-paint)

* Deteruined by radiotracer method at 25°C.
*4 Determined with cryatal oscillator at )0°C.
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Fig. 9. Pitting potentisl of aluminum as a function of inhibiter (Cro:)
and chloride ion concentracions.
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primary characteristics of this curve are the very low current density for
potentials belov the pitting potential snd the steep rise in current density
for potentials above the pitting potential.

A mathematical expression for this type of electrochemical reaction {s

1, " 1o, 0oxo, (21)

- 10‘ + Ao - OP); ? )’P (22)

This approximates the anodic reaction as function of potential only. In
the region below the pitting potentisl (op). 1‘ is a constant, and above ’p
it is linear in .

Cathodic Reaction

There are ot least two possible cathodic reactions: the reduction of
dissolved oxygen gas, and the reduction of hydrogen fons. It is generally
accepted, however, that oxygen reduction is the faster reaction in areas
vhere the electrolyte i{s saturated with oxygen. Since diffusion of oxygen
through paint films is fast compared to general corrosion of aluainum, it
is assumed that the reduction of oxygen is the primary cathodic reaction of
interest. A typical cathodic polarization curve carried out in serated

electrolvte is shown in Fig. 11 (27).

The cathodic reaction s approximated by s Tafel type expression.

aF o
‘c ° ‘oc Ao2 exp (’ rT (o -0 )) y

vhere Aoz = the activity of oxygen at the electrode surface, and the other
terms have the usual significance.

If 1t {s assumed that the coating does not interfere with the electrode
kinetics then the constants in Eqs. 21 through 2) can be evaluated froa
experiments conducted {n aqueous solution. In this wey values of lo.. A,
op. ‘oc' s, snd ¢° can be obtained. FProm the previous discussion 1t {s
expected that the pitting potentisl (0’) will be & function of the relative
concentrations of chloride and chromste fons. This reletionship may be in

graphical fors or expressed generally as

4

PL - o




é

.\"

NADC-84107-60
20 r.
10 b=
7
NA
[
[
< 4
3
2
1 b
q 1
-1.0 0.9 -0.8
g (V)
Pig. 11. Cathodic polarization of 3032 aluminus in air saturated ses watet.

4

gl

AR



NADC~84107-60

.P - Op (CCI" C‘) (24)

Some data are availsdle on how the pitting potential varies with concentration
of chromate and chloride tons.

Mass Transport

The genersl equation for mass transport of sny sobile species, i, is

rra IR AR § (25)
where C, ® concentration of species i
= del operator
: " flux of species 1
g ° Tate of generation of speciass 1§

J
R
Experiments performed here and elsevhere (28) indicate that the dilute
solution flux equation is adequate for paints.

. - Y 3 3
J1 z‘o‘c‘ 54 Je - D‘ 'Ct (26)

In general the diffusivity Dt is a function of both position, species
concentration, and temperature

D‘ - D‘ (x, Cl' C.. . .Cn. T) @7

Most mobile species of interest here are ions vhich have limited solubility

in paints, and 1t is therefore often possible to neglect their effect on

the diffusivity. Humidity-chamber results have shown that the diffusivity

of water appears to be a strong function of coating thickness for coatings

thinner than sbout 10 um, but the diffusivity is relatively independent of

coating thickness for thicker films. Most practicsl coatings are thicker

than 10 .m, and, as a first approximation, we will neglect the effect of

thickness on diffusivity. This evidence suggests, therefore, that the diffu-

sivity is primarily a function of temperature and the vater content of the paint ;
D, =D, (C,. T (28) !

it will sleo be assumed that the electroneutrality condition holds for paints

}‘: Cz, =0 (29)
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Equations 25, 26, and 29 are sufficient to solve for the concentrations
(C‘) and potentisl (¢) as functions of time and position in fsothermsl
systems. Isothermsl systeme vill be essumed unless stated othervise.

Boundarv Conditfons

Several types of bdoundary conditions may be used. One type of boundary
condition specifies the equality of electrochemical potential between phases

b, ® (30)

The generality of this equation is well accepted, but in practical applica-
tion it is usually expressed as some type of distridution coefficient for
the two phases (2 and 8)

(g
-

l

(31

lal
"™
=Y

1

The potential is defined as that which would be measured with a
reversible chloride ion electrode. This definition means that the potential
s 8 function of the electrochemical potential of chloride ions. Therefore
the potential s constant across phase boundaries in accordance vith Eq. 10.

Initial conditions are often difficult to establish. However, usually
we ate primarily interested in wvhat is taking place at relatively long times.
Under these conditions the exact nature of the initisl condition is often
instgnificent. In the paint systeme studied here it s usually sufficient
to specify unifora concentrations and potential at time zero. This type of
inittal condition usually leads to & step change ip the concentration of
s mobile species or potential at one of the boundaries at time zero. This
procedure is & mathesatical idealism, but it 1s sufficiently sccurate for
our purposes.

Stoichiometry also places mathematical restrictions on the corrosion
model. In one dimension these restrictions take the form:

L L
Z / £ 0n * Z/ ( dx (32)
n (] n 0
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Equation 32 {s simply the msthematical expression of the fact that the
total snodic current must equal the total cathodic current.

In general there will dbe n mobile species. There will be n equations
25, n equations 26, snd one equation 29 which must be solved for the n
concentrations (C‘) and n fluxes (l1) and one potential ¢. The equations
are subject to 2n boundary conditions similer to Eq. 30. There are n + |
initial conditions. The two remsining boundary conditions involve potential
and asre usually an srbitrary definition of the zero of potential and Eq. 32.

Simplit:.ation

In general the procedure outlined above can be used to solve the required
equations. The particular form of the solution depends on the values of the
paramsters involved (Dl' A, o, etc.) and on the geometry, but there are several
approximations which will simplify the computations. We have assumed a
two coat system of primer and topcoat. The experiments have shown the
topcoats to be significantly less permeable to ifons than the primer. As a
first spproximation it can be assumed that the topcoat is impermesable to
tons. This assumption is certainly valid in the vicinity of a crack or other
defect in the topcoat, and it will be assumed valid for all cases except
the initial penetration of aggressive ions through an unblemished topcoat.

A second simplification is that both topcoat and primer have uniforms thickness
and transport propertiea. This assumption is justified in most cases vhere
the coating contacts liquid water and the temperature is constant. Salt

spray tests conform to these requirements.

Corrosion Geometry Models

Flat Surface

The corrosion rate under an adherent two-layer coating on a flat plate
is varely high. In such s system the inhibitor is trapped beneath the topcoat
and leachss out very slowly. The topcoat resards the penetration of aggres-
sive fons (chloride), but 1f the external concentration is high, chloride
vill sventuslly penetrate to the metal surface thereby reducing the pitting
potential. As the potential dacreases the cathodic reduction of oxygen
increases; however, the cathodic area is limited by the high resistivity of
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the primer coating. The ionic current produced by both the anodic and
c¢sthodic resctions must flow through the primer which 1is attached to the
surface of the metal (or metal oxide). The effective cathodic area is small

because of the potential drop produced in the primer when fonic current flows.

Paint Edge

The paint edge is a geometry in which the two-coat paint ends, and
bare metal 1is exposed to the bulk electrolyte. Under these conditions salt
penetrates primarily through the primer layer and inhibitor diffuses out
of the primer into the bulk electrolyte. Therefore, the rastio of the
concentration of aggressive fon to the concentration of inhibitor varies
vith position relative to the edge of the paint. The anodic reaction rate
is greatest vhere the fnhiditor concentration {s lowest, near the edge of the
coating. Depending on how well the dulk electrolyte is stirred the inhibitor
may provide some protection to the bare metal at a distance from the edge
of the paint. At some point either on the bare metal or under the primer
near the edge, the anodic reaction will occur. The cathodic reaction will
occur primarily on the uncoated metal because the conductivity of the
aqueous electrolyte {s many orders of magnitude greater than the conductivity
of the primer. According to this view we expect the corrosion rate and the
position of the primary anodic site to change vith time and to be controlled
by the diffusion of salt and {nhibitor {n the primer.

Creck

Two adjacent edges form a crack. The genera) characteristics of a
crack are the same as the edge except that the area of bare metal is much
snaller. It is expected that the area at the base of the crack will become
a local anods supported dy a cathodic area under the coating sdjscent to
the crack.

Wedge

The wedge 1is a geometry in vhich the priser has becowme separated from .
the metal nesr an edge. The wvedge has many of the properties of the typical
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wedge-shaped corrosion cell except thst oxygen and water can reach the metal
by diffusion through the costing. In the vicinity of the edge the primery
diffusion pathway is not through the coating, but farthar awvay, toward the
tip of the wedge, diffusion through the coating becomes most important.

Ions are essentially excluded from diffusing in the costing. The position
of the anodic reaction will be determined by two factors: the local ratio of
inhidbitor to chloride fons, and the reduced oxygen concentration resulting
from the diffusion resistance of the costing. The primary cathodic ares
will be the bare metsl beyond the edge of the costing.

Blister

A blister {s assumed to be filled with an aqueous solution. The solutfon
is trapped betveen the primer and the metal. The coating {s assumed to be
defect free and the coating is adherent to the metal everyvhere except under
the blister. There are many types of blisters in real paint systems. Some
of these blisters are formed by entrapped solvent or lack of adhesion.

We will consider only blisters which contain active corrosion cells.
Apparently the corrosion blisters are not easily formed in dilute salt
solutions because the inhibitor prevents local corrosion cells from forming.
In concentrated salt solution the chloride fons swamp the inhibitor and
blisters can form. The entire blister is a site for cathodic reactiocn. The
area on the metal, near the center of the blister is farthest froms a source

of oxygen and this is the primary anodic site.

Examples

The purpose of the mathematica)l model is to provide a method of
quantitatively evaluating pesint performance. When the proper parameters
sre used in the model the anodic and cathodic reactfon rates can be calculated
as a function of position and time. The model is sufficiently general that
the different geometries discussed gbove can be analyzed within the same
framsvork.

Inhibitor Depletion Through the Topcoat

As an slesmentary exsmple of how the experimental results can be used in
s specific model, consider the time required for the inhiditor i{n & primer
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to become depleted by diffusing through a 50 um thick topcoat of GP-PUR.
Assume the primer coat is 20 um of YP-Epoxy containing 52 wt X SrCrO‘ as
inhidbitor. Assume the aquecus solution in the primer layer is saturated
with SrCr0,. Then the concentration in water is asbout 4 x 10"3 M. The totsl
number of moles of SrCrO‘ svailable s 9.4 x 10°6 -ollcuz of painted ares.

1t is assumed that the permeability coefficient of SrCrO‘ in the GP-PUR
topcoat s 1. x 10-10 c-zll. the same a8 that for NeCl. The flux of SrCrO‘

is then calculated to be

3o 70 10718 wol/ca’-s (33)

The time to deplete the fnhidbitor is

-6

¢ o 22210, (36)
7.7 x 10

e 4. x 10% (35)

This celculation shows chat the corrosion inhibitor is held in the
primer laver near the wmetal surface for s very long time vhen the topcoat
1s in good conditton. Furthermore it is of litctle consequence which of the
four topcoats is used. This result also indicates that practical paint
systems prevent corrosion primarily through the use of inhiditors by changing
the reaction kinetics of corrosion.

Permeazion of NaCl to the Metal Surface

Now consider how long the example paint system provides protection
against corrosion when immersed in & 0.1 N NaCl solution. Assume the
permeability coefficient of GP-PUR is about 10-1‘ clzll. and the salt concen-
tration in the primer phase must remsin less than adboul &. x 10-3 M. The
volume fraction of imhibitor in YP-Zpoxy is about 243. Therefore, 1if all
this volume fs occupied by & x 107> M NaCl soluttos, chere will be 1.9 x 107}
soles of MaCl present in the primer phase. Thus

-10
- l.9lx 10 . (36)
NaCl
0" 0.10
5 o $30 _)(0.10) wol an
KaCl 45 4 107"  cales
te9%0¢ (38)
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This calculation indicates first thst even though the topcoat is effective
in preventing the {nhibitor from diffusing avay from the mstal it is not
-particularly good at preventing aggressive fons from reaching the metal.

As a matter of fact the diffusional time-constant lzls for the passage of
fons through the 50 um thick topcoat is only about 0.8 yrs. Thus 1t is
clear that aggressive ions will be present on the metal after s relatively
brief service life, and this 1is a factor which does depend on the transport
properties and thickness of the topcoat.

Depletion of Inhibitor Near a Crack

Another example of this specific type of calculation is the diffusion
and subsequent depletion of inhibiter through a crack in the coating.
Consider the geometry illustrated in Fig. 12. The time required to reduce
the inhibiter concentration at the bottom of the crack (point A) can be estimated
as follows. The one dimensional rate of inhibiter transport out of the
crack 1is

D CH
l’c'JcU'—lz— (39)
The transport of inhibiter from inside the primer to point A fs
rp . thl . P(C‘.t’ C)tl o)
vhere x 1s the diffusfion path length in the primer phase. The length x is
related to the total quantity of inhibiter lost since formstion of the crack,
or in differentisl fors

dx
LA By (el)

vhere q = the availadble quantity of iahidbiter in the primer (lol/cnz).
These three equstions can be solved by equating L and r’ at all time, {.e.,
msking the quasi-steady-state assumption. la disensionless fors the result is:

HE) &3 )T

vhere c“‘ e the saturation concentration and the other variadbles have the
ususl sssnings. In order to relate the time to the concentration at point A

the folloving sdditienal relation 1is required.
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Fig. 12. Two-layer paint system with a one-dimentional crack
defect.
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c 4
£-(e-)ed
v
The folloving values have been used to calculate results.
-4
L = 20x10  ca

50 x 10" ¢c»
1o™10

5

c-zlg

Q0 N
|

10°% cu?/s
C _e4x10m

sat -6 2
q® 9.4 x10  wmol/ca

C /C = 10
sat -3

First, assume lzlv e 100. Then xll1 =9 x10 " andt e 0.65h. If lzlu -
5000, x/ll ® 0.4%5 and t = 1610 h or 67 d. These results demonstrate that the
inhibiter is Quickly depleted st the dottom of even a very thin crack. Also,

the concentration of aggressive ion 1s expected to be high there.

Reduction of the Effective Cathodic Area by Paints

Another exsmple illustrates one way that paints rotect metals from
corrosjon. Consider the corrosion of a specimen of painted aluminum in
which the primary anodic snd cathodic sites have already become separated.
Assume that the paint layers are intact and sttached to the metal. As
s simplification assume that the anode fs unpolarizable and at the pitting
potential. Consider also the limiting case vhere concentration gradients
can be neglected and oxygen {s not a limiting reactant. Equation 23 then
has the forw

i - ae~8? (44)

where A and & are positive constants. The potentisl decreases as the distance
from the anodic site increases. The relationship between the total
current and potential s

1 = «%% (43)
The current varies with posiction according to the equation

d1
lz; L) -1c (46)




3

)

hd

NADC-84107-60
Combining Eqe. 43-46 ylelds
vlg o A 80 )

Equaticn &7 has no analytical solution, but a linearized spproximstion of
the right hand side will be sdequate for the present. For potentials

near an arditrary reference potential ‘r the li{nearized form of Eq. 47 {s

-8
doeBgigye F (48)

vhere ¢ = Br *

The boundary conditions are most easily expressed as

"n e "ot x =0 (49)
t -0, X -= (50)
With these boundary conditions the soclution is
" - [axnh(tx) - cosh(ex)) (1/8 - wo) + 1/8 (51)
-84
- 4
vhere ¢ = AEiTT——

Equation 51 shows that the potential {s bounded. The other interesting
point §s that there is no contribution to the total cathodic current for

x*-1/¢. The maximus current occurs at x ® 0. The current at x = 0 is

[
| -Gor
1 TR o Aflce

total (1/¢ - ﬁo) (32)
% = 0

Equation 52 shows that the totsl cathodic current is proportional to the
square root of the thickness (L) and the conductivity («) of the primer
coat. Other parsmeters occurring in Eq. 52 are generally not under experi-
msntal control. Equation 52 shows that the total corrosion current flowing
to the anodic site can be minimized by reducing the thickness and conductivity
of the priser. Ultimately the thickness could be reduced to zero, bdut not
vithout affecting other properties, like adhesion and void volume, which
have been sssumed to remsin constant in the derivation of Kq. 52. In the
final analysis we will recognize that compromises sust be made, but as &
genersl rule it 1s expected thet the corrosion can be reduced by reducing
sither t or «.
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Equation 52 provides one explanation of vhy blisters are a serious
corrosion problem. When the primer ceases to adhere to the metal, the
resulting void becomes filled with aqueous electrolyte. Usually the
conductivity of the electrolyte is several orders of magnitude greater than
that of the primer. It is therefore expected that a high corrosion current
will flow between the local anodic and csthodic areas vithin the blister.
Another wey to look at this explanstion is that the size of the cathodic
ares 1s proportional to 1/c¢. Thus the cathodic area is proportional to
+ix , from the difintition of c. 1f the conductivity of the aqeuous
electrolyte inside a bDlister is 106 times the conductivity of the primer, the
effective cathodic ares in a blister (s 1000 times greater than vhen the

same¢ primer adheres to the metal.

One aspect of the corrosion mechanisa vhich is extremely difficult
to quantify is adhesion. Equation 52 is based on the assumption that the
primer and metal adhere to each other. When this assusption is not valid,
a blister forms, and the local anodic rate increases dramatically. It would
therefore be helpful 1f some criterton could be found for estimsting the time
required to break the adhesive bond. These criteria for disbonding may be
unrelated to the adhesive energy itself. For example, & threshold charge
density could be specified. Adhesion would be assumed normal for local
charge densities below the threshold. Adhesion would be lost for charge
densities above the threshold. Another criterion might be based on the local
chemical composition. For example, either low or high values of pH might
be expected to affect the oxide layer on aluminum and therefore the adhesive
bond. In this case s time factor might also be important. Thus a local pH
below one for more than 50 h might represent the desired criterion. Addi-
tional work needs to be performed in this srea {f quantitative estimates of
the rate of coating disbonding sre to * Je.

Discugsion

The examples fllustrate that the msthemetical model muet ia general
be solved with & computer. Ounly relatively simple cases can bde solved
snslytically. BNevertheless it 1s possibdle to use the medel and the experi-
ssntal results to sscertain certain qualitative features about the corrosion
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of sluminum under paint. This Qualitative snalysis indicates that paints
possess several good qualities vhich tend to reduce the corrosion rate and
some bad qualities which tend to accelerate or localize corrosion. The primary
advantage of the two-coat system appears to be that s relatively large
quantity of inhibitor is tre)ped near the metal surface. The topcoat acts

as & barrier to the diffusion of fons. This is an edvantage vhen the painted
specimen {s initislly exposed to electrolytes containing sggressing ions,

but once the aggressive ions have reached the mstal surface the topcoat

tends to trap thes there and its low ifon permesdility becomes a lfiability.
This conclusion points up the importance of surface preparation and the need
to paint on a surface free of ionic contaminsuts. The primer serves two
faportant functions: it provides & vehicle for the inhibitor, and it improves
adhesion. The inhibitor appears to function by raising the pitting potential,
thereby decreasing the cathodic reaction rate and reducing corrosion currents.
Adhesion is importent because vhen the paints do not adhere to the metal
surface (metal oxide) the corrosion current can flow through a relatively
high-conductivity path, and the effective area of the cathode is greatly
increased. The available dats slso i{ndicate that neither oxygen nor wvater
diffusion through the coating is the rate limiting step vhen the corrosion

is unifors. In the liaiting cases ve have investigated the diffusion of

fons through s resistive paint fila adherent to the metal msy be the rate
limiting step. However, there are many {nstances, such as the initiation

of a pit, vhen diffusion in the metal oxide or surface kinetics sust represent
the rate limiting step in the corrosion sechanisn. The importance of the
setal oxide as & barrier is further emphasized by the fact that aluminum

19 alvays {(n the passive or transpsssive state under the conditions of
interest. For this reason we can expect the bulk of observations of corrosion
of painted aluminue to involve local corrosion cells.

Most of the undesirable effects of painting aluminum can be traced to
the promotion of local corrosion cells. The mathematical model suggests
that there are fev problems sssociated vwith the corrosion of aluminum coated
vith an undameged tvo-layer paint system even vhen exposed to dilute solutions
containing chloride. Demaged coatings are another mstter. When the topcoat
becomss demaged the ifnhibitor diffuses out through the break. In a relatively
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brief period the i{nhibitor becomes depleted 4in a region near the break.
Further avay from the break the inhibitor concentrstion is still high enough
to prevent corrosion. This situation produces separate snodic and cathodic
reaction aress and the formation of localiszed corrosion cells. These cells
could take the form of pits, filiforwm corrosion, or s widening wvedge of
detached coating. The model sleso suggests that paints can promote corrosion
by acting as barriers to the diffusion of fons. Pitting and localized
corrosion of aluminum is known to be asutocatalytic. The autocatalytic
behavior {s not yet well understood but appears to be relsted to a local

+3 or H’. When these ions

are produced beneath paint films they will tend to duild up high concentra-

buildup of some reaction product, possibly Al

tions becasuse the coating acts as a diffusion barrier. Thus, not only does
the coating reduce the sepasration of snodic snd cathodic sites it increases
the local concentration of reaction products. On some metals this retards
the corrosion resction, but vhen aluminua corrodes it spparently promotes the

formation of local corrosion cells.

Conclusions

The following general conclusions are based on the experimental data
and mathemstical models studied here. They pertain to the mass transport
properties of a limited number of paints and the corrosion of painted
alusinua.

1. Some fon other than sodius or chloride carries a significant portion
of current through msany paints tmmersed in aqueous sodium chloride solution.

2. These paints do not provide & barrier to either oxygen or water
sufficient to limit the uniforwm corrosion rate of aluminus.

3. lonic inhibitors such as chromates are effectively retained near
the metal by an undamaged topcoat.

4. lonic tahibitors rapidly diffuse out of cracks and other defects
{n the topcoat leaving the metal unprotected from corrosion near the defect.

5. One general sanner in vhich paints protect setals from corrogion is
by forcing the current floving to a local anode to pass through s highly
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resistive medium, thereby reducing the effective cathodic area.

6. 1In general the mass transport propercties of paints asre quite
complex, involving such phenomena as ion exchsnge, ion association, time
varying properties, variations in physical snd transport properties with
position fnsfde the paint film, snd concentracion dependent transport properties.
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permeability coeffictient, c-zlt

inhibitor content of the primer,

-olc/cn2
gas constant
reaction rate, -olc/(cul-s)
transport rate, sole/(cm‘s)
dimensionless soludbflity
temperature, °K
time, s
volume, c-l
crack vidth, cm
position coeerdinate, cm

fonic charge including sign

Superscripts

radioactive species
reference value
alpha phase

beta phase

e
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NOMENCLATURE
a constant Greek

3
concentration, :Dh/c' 8 a constant, '-l
diffusivity, can /o Y activity coefficient, cn’/-olo
Faradsy constant v del operator
total current, A 2 a change, finite difference
current dcno;ty. Alcm n electric potentisl, V
flux, sole/(ca :8) « electrical conductivity, S/cm

distribution coefficient N Electrochemical potential, J/mole
wesdrane thickness, cm . eleceric poteatial, V
paint thickness, cm v dimensionless electric potential,

:‘FO/IT

Subscripts

- ®9 v ¢ 2 9

(53

anodic

average value

bulk solution designator
corrected or normalized value
cathodic

experimental value

species designation

in the msembrane or paint
normalized value

constant value, usually at time zero
in the paint phase

value at the pitting potential
reference value

designates saturation

lst solution, species, or phase
2nd solution, species, or phase
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APPENDIX A

| HITTORF EXPERIMENTS

Apparatus

Both membrane-potential and Hittorf experiments were conducted
in the same apparstus. FigureAl 1llustrates the experimental cell

; vhich vas made of Plexiglas. VUhen assemdled, each cell was composad of
two cylindrical compertments separated dy a paint membrane. The two
compartments were aligned vertically. Both compartments were equiped
vith sampling ports and overflow tubes. The sampling ports were
sealed vith rubber septums, but the overflow tubes were open to the air.
The overflow tubes vere made of capillary tudbing vith one end drawvn down
to & sasll diameter. This ccnsirucc!cu reduced vater evaporstion to s
negligible level. The overflow tubes fros both the top snd bottosm
compartments vere bent above the cell so they were in the same horizontal

e ——— BT At A

plane. Iln this way the hydrostatic pressure difference across the mesbrane
vas sininized.

The cell wvas constructed in two halves. Internally, each cell was

identicsl, but the external connections (sampling ports, overflow tubes,
etc.) were indifferent positions 1in each of the half cells.

The paint seadrane was clamped between the two half-cells wvhich were held
together by four bolts. Viton O-ring gaskets wvere used to prevent the
solutions from leaking between the paint and the Plexiglas.

Each compartment was equiped with a silver-silver chloride electrode.
The electrodes were glued to the Plexiglss vith epoxy. The electrode
dismeter ves the same as the "active” diasmeter of the msembrane, and both
electrodes were parallel to, end equidistant frow, the menbrans.

Sasll Teflon-costed magnetic stir bars were used to stir the solutions
in both compartments. The stir bder ia the bottom compartment wes held
sbove the electrode surface by s circular d1sc of plastic windov screen.
$imilay screens were clamped on esch side of the peint memdrane as
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physical supports. The stir bar in the top compartment rested directly on
the upper support screen. Stirring speeds of approximately 100 rpm were
achieved with a magnetic stir plate.

The assembled Hittorf cell was placed in a Farsday cage during
experiments. A battery was used to control the cell potent{al detween the
two electrodes. The voltage difference and electrode current were messured
with Ketithley electrometers. Figure A2 is s schematic diasgras of the
electrical instrumentation. The electrometers contsin retransaitting
amplifiers with low output impedance. The output of these amplifiers vas
recorded on an Esterline Angus, model E1124E, strip chart recorder. The
output of the electrometer recording the current vas iantegrated with an
Acromag, model 1752-Kl-1, integrator. The total charge passed during the
course of an experiment vas obtained from the integrator. This instrumen-
tation provided a permanent record of the voltage, current, and total charge
for each experiment.

The experimental temperature was controlled with an sir thermostat.
A modifi{ed on-off{ household therwostat wes used. Temperatures adjacent
to the cell vere measured with Netional Semiconductor, LX5600, temperature
transducers. The transducers vere purchased in TO-5 packages, and vere
equipped with radial-finned clip-on heat sinka. The cell temperatures wvere
also recorded on the strip chart. A pesk-to-peak temperature axcursion
of 1°C was observed with this apparatus.

All salts and solvents vere ACS reagent grade, and the water vas distilled.

Radioactive hydrogen (JH). sodium (zzﬂl). and chloride (’6C1) were purchased
in carrier-free form from commercisl sources. Radiotracer standards,
traceable to the National Bureau of Standards, were puschased snd used to
sake reference solution. The radiotracer content of samples vas messured
vith 8 Packard, model 2002, scintilletion counter at the University of
Washington.
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Procedure

In order to performs & Hittor! experiment, paint mesmbranes unsctached
to any substrate vere first prepared. Paints were first mixed according
to the supplier's instructions. The paint was then spray applied to sheets
of decal paper and sllowed to dry. Drying took place in the smbient ladboratory
sir at about 602 relative humidity and 23°C. The paint was protected from

dust in a fume hood for adout 24 hours. The costed pileces of decal
paper vere then placed in paper envelopes end stored in & wooden cabinet
until needed. Storage times varied fros two veeks to two years.

Isnediately prior to use, specimens of paint wers cut from the large
sheets of coasted decal paper. The decal paper vas sosked in vater for
s fev minutes until the paint could be sasily removed. The free paint
f1l> was then washed in tap water till no sucilage could be datected
by touch. Then the paint wvas rinsed in distilled wvster for s fev
seconds and dried with a paper tovel. The dry paint fils was allowed to
stand {n leboratory air for about 15 minutes before the thickness was
messured vith a micrometer. Twelve to 13 thickness wmeasurements wvere
sade in the tust sres of the sample. The average coating thickness
and standard devistions were then calculated. Free films with nonuniforn
thickness or high standard deviations were rejected. The sembrane vas
next checked optically for defects: holes, dirt or dust particles, etc.
Meabranes which did not appesr to be smooth and free of defects were
rejected. The final pre-experiment check was & conductivity mesasurement.
The meabrane vas sounted in a Hittorf cell and fts dc conduccivicy vas
deternined. 1f the conductivity differed more than 8 factor of about
three fros the average conductivity of similar membranes it vas rejected.
After & specimen passed all the pre-experiment tests it was ready for
mounting 4in s Mittorf cell.

Prior to an experiment, the Nittorf-cell eslectrodes were checked.
Solutions of differing salt concentration were placed in each half-
cell, and the electrode potentials vere sessured relative to s standard
reference electrode. 1f the “Nernst slope™ for the NHittorf alectrode
enceoeded 39 aV/decade, the slectrode was considered acceptable. 1If the
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electrode failed this test, the silver chloride layer wvas removed, and
the silver was abraded, clesned, and reanodized. Also, prior to the
experiment the Plexiglas was inspected for scratches. 17 scratches were
found, they wvere removed by polishing.

After the cell had been polished and the electrodes had passed
inspection, doth halves of the cell were rinsed in distilled water and
then in methanol. The cell was then dried by blowing air through the
injection ports and the overflov tubes. When the cell was completely
dry, it wvas ready for assesdly.

The cell vas assembled in steps proceeding vertically fros the
bottom to the top. A screen was first placed in the bottom compartment
over the silver-silver chloride electrode. A magnetic stir bsr was then
placed on the screen. Kaxt, s second screen was placed over the mouth
of the bottom compartment. The dismeter of the second screen was
greater than the cospartment diameter. This screen supported the
senbrane. Next, the O-ring vas coated vith & thin layer of silicone
stopcock grease and placed in its groove around the screen. Then the
paint {ilm was placed over the O-ring and the support screen. The paint
film vas alvays oriented in the Hittorf cell with the "air eide” facing
downward. The side of the free film which was exposed to air as the paint

dried vas termed the "air side."” The opposite side, vhich wvas originally

adjacent to the decal paper, vas called the "paper side.” then a voltage

was applied, the polarity was such that the tracer fon vas forced to migrate
from the air side toward the paper side of the paint film. Next, a second
support screen was placed on top of the paint, and another stir bar was

placed on this second screen. Finally, the top half of the cell was placed

on, and the entire assesmdly was bolted together. Alfter the cell wvas assembled,
s visual inspection was made. The fnspection included checking the O-ring
seals, the support screens, and the stir bars. If the {nspection revesled

no defects, the assembly wes completed by plecing vubber septume over the

open ends of the injection ports.

(1)
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Prior to filling the cell it was weighed. The assembled cell
was then filled with electrolyte using a hypodermic syringe. The volume
of electrolyte added to sach compartment vas measured with the syringe.
The weight of the cell vas slsc seasured after each compartment was filled.
This procedure provided two independent messures of the fluid volume in
each coaparteent., The volume of fluid in the overflow tube wvas
determined by the position of the 1iquid menfiscus. Another visusl
inspection was perforwed after filling the cell. 1If budbles with diameters
greater than sbout Jmm (*102 of the dismeter of the compartments)
vere observed, the filling procedure vas repested. 1If the bubddles

could not be remcved, the compartments wvere emptied and the cell
reassemtled.

Electrolyte solutfons were mixed just prior to asssmbling the cell.
Varfous sodium chloride concentrations from 0.1 N to 1 N were employed.
Radiotracers wvere added just prior to f{lling the cell. The solution
containing the radiotracers vas alvays placed i{n the bottom compartment.
Solutions in both compartments contained the same concentration of salt, but
no radiotracers were used in the top compartment. The bottom compartment
always contained two radiotracers: tritium (JH) and either sodium or chloride.

in this way the water flux and one of the ton fluxes could be obtained.

After the cell had been filled, 10 .L samples were taken from each
compartment. The cell was placed on a stir plate inside a thermostatically
controlled giovebox. The mean temperature was maintained at 25°C + 0.5°C.
The cell was then connected to the battery and the electronic monitoring
equipment. The cell was alvays connected to the battery with the polarity
such that the salt radiotracer (zzu. or JOCL) vas forced across the membrane.
Experiments vere conducted for various periods of time up to three months. The
The cell voltage, current, and temperature wvere recorded. Radiotracer
samples (10 .L) were periodically vithdrswn vith Hamilton micro-sytinges
through the rubber septums. The top compartment was sampled about every
three days. The bottom compartment was ssmpled at twvo-week intervals. At
the end of the experiment three samples vere vithdrawn fros each compartsent.
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During the course of an experiment the positions of the menisci in
the overflov tudbes were periodically recorded. By comparing the relative
positions of the two menisci, lesks could be detected. Experiments wvere
terainated vhen leaks developed. At the conclustion of an experisent,
the cell was disasntled and each half cell was leached for twvo weeks in
separate distilled water baths.

The radiotracer samples were anslyzed by liquid scintillstion
counting. The scintillation counter was capable of counting two radfo-
fsotopes simultaneously. The different isotopes were distinguished by
the different energies of their B emissions. Chloride-36 could not

be distinguished from sodium-22 becsuse both radionulides have similar
8-energy spectra. Therefore, tritium and either sodium or chloride vere
used in esch experiment, and sodium and chlortde fluxes were determined
in separate experisents.

Approximately five standard sasples vere used to calidrate the
scintillation counter during each counting session. The activities of
the standards varied, covering a range approximately equal to that
expected for the experimental sanples. A least-squares matrix
inversion msethod vas used to determine counting efficiencies snd cross-
channel interference coefficients from the calibration data. The
accuracy of each calibration satrix vas also checked by counting
sixtures of known composition. No quenching wvas observed with the
snall sanple volumes (10 ul) used.

Transference numbers for sodium and chloride were calculated in the
following way. First, the activity of the radiotracer (sodium or
chloride) in the top compartment was obtained. These data vere converted
to equivalents of carrier (°c) per al by assuming & specific solar
activity equsl to that in the dottos cell. Then, the dsta were plotted
88 n, versus charge passed. Different least-squares straight
lines were then constructed through the data collected at each cell
potential. Tinally, the transference numbers vere set equal to the slopes
of the lines. This method wvas considered sppropriate as long as two
conditions vere mst. The tadiotracer flum at zsero applied voltage
ves negligible, and the fraction of radiotrscer transported across the
senbrane ves smsll. Both conditions vere slvays satisfied in these

experinents.
¢?
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The diffusivity of water was calculated from measurements of the
tritium concentration. It was assumad that tritium only passed through
the sembrane as vater. This assumption cannot be easily verified. Other
assumptions wvere the same as for sodium and chloride transport except
that the fraction of tritium transported vas usually large. In order to
account for this fact, a differential msss balance was derived for the top
compartment. The equation was solved to yield the tritium activity in the
top compartment as & function of the water diffusivity and time. Experimental
results were then inserted (n the calculated soluction, snd e diffusivity
was obtained for eech of n experimental data points. The individual
diffusivities vere averaged to obtain the tsbulated values.

i
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APPENDIX B
Humidity Chember Experiments

Crystal Oscillator Theory

Quartz crystals have been used to construct highly stadle oscillators
for many years. The crystal is a lovw-loss plezoelectric resonstor which
controls the oscillator's frequency. The fundamental frequency of a crystal
1s affected by temperature and several other environmentsl factors:
however, the physical properties of the crystal have the
greatest effect on the frequency.

The mass of the crystal is one property vhich has s great influence
on frequency. This fact is the basis of several unususl uses of crystal
oscillators, including sorption detectors (Bl,BJ. MNighly sensitive sorption
detectors have been constructed by costing & quartz crystal wicth a thin
layer of absordent (paint). The frequency of this "composite™ crystsl
changes as 1ts aass varies. By knoving the relationship betveen freguency
change and sass change, sicrobalance weighing can be performed. Sen-
sitivities on the order of xo“’ g have been estimsted (31).

The piesoelectric oscillation of a quarts crystal has been analyzed
88 an acoustic resonator (3)). In this ono—‘tn‘al!oall theory, a vave
disturbance 1s introduced at one surface of the crystal. The wave travels
through the quartz vith a constant velocity and sttenustion yntil 1t
reaches the opposite edge of the crystal. At the edge, the vave s
conpletely reflected. This model is mathematicallv equivalent to an

1deal transmission 1Sne vith distributed loes, and & complete mathensticsal
description 1s evailable.

When a quart: crystal is coated vith another substance, 8 composite
is forwed. The acoustic resonstor theory has been used to descride
theos composite resonators, Hut the analysis is move complicated than for
the simple resonstor. The complexity resulte from partial reflection
of the traveling wave at the boundary detveen the quarts and the coating
substance. Despite the complexity, Miller and Bolef (33, B4) odtained
an exsct solution of the composite resonator. The theory shoved thet the
only major effect of attaching the cesting te the crystal was to shift

the resonant frequency of the conposite resonater (f) relative to the frequency
of the sinple querts ctyotcl.(l.).

n
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Miller and Dolef's scoustic resonator theory is besed on several
approxisstions and assumptions. The assumptions eppear to de sppropriate,
although they have apparently not been (ndividually checked. However,
the applicadbility of the entire theory to setal-coated crystals vas
proposed by Miller and Bolef (Rd4), and Ly and Lewis (BS) checked this
application using three metals: copper, silver, and lesad. The theory
18 in good agreement with experimental dats for fregquency shifts up to
152 of the "unloasded-crystal” frequency (fq).

The acoustic resonance theory is based on the following assuaptions
(In the composite resonator the assumptions apply to the crystal and the
coating separately.):

. The systea ia one dimensionsl.

. End faces are flat and parsllel.

wave travels wvith a constant velocity.
attenuation per unit distance is constant.
density of the medium 1s constant.

cryscal s oscillacting at steady state (cv).

77t

coating is uniform over the entire "active” ares.

This theory does not trest the effects of crystal mounting or
surface nonuniformities.

Lu and Levis (33) present three relstions between the mass change
of the composite crystal and the obsarved frequency shift. The most
; sccurate equation, "exsct solution,” 1s dased on Miller and Bolef's
‘ result (), 8q.9) with no losses in either the guarts or the costing.
The ensct equation st

74
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" f ot .
tan [zw :— ;-'-] e« 3 tan [- Jr—] (81)
T 9 q

vhere Z « the ratio of the shear-mode acoustic impedance of quartz to

that of the coating
e the frequency of the composite resonator
e the frequency of the uncosted quart: crystal
8y = the nessy of the coating (filw)

s_ = the sass of the uncosted quartz crystal
In this fastance the composite-resonator frequency (f) depends on the
acoustic iapedance ratio (IZ) as well as the mass of the epplied coating
(I‘).
The second equation presented dy Lu and Levis is the “period

spproximation.” When 2 = 1, or when (-flnq)<<1. Eq. Al simplifies to
- t - f
S A
.‘ 1 (B2)

The period approximation is adequate (1<2¢2.29) for frequency deviations
less that adout 5% (BS).
Also, vhen -’l-q is smsll, f has nearly the same value as (q. Under these

conditions Eq.Al simplifies to the “frequency approximation,”

s, f -t
4 (33)
I

The frequency spproximation is limited to a deviation of about 2% qu)l.
Once s particular quarta crystsl has been selected, -‘ and !‘ sre {ixed.
Then, { depends only on the mess of the applied costing. Eqs. 32 and

B) showechis statement s true for both approximate models, but Eq. B2 is

nonlinear.

The total frequency change produced by the costing and sdsorpeion of
water vas less than 2% 4n all curreat experiments.

%
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Diffusion Theory

The theory of sorption and desorption in thin sheets has deen

thoroughly discussed by Crank (B6). The basic equation descriding the
process fs:

x..n (34)
vhere ¢ » the diffusant concentration (lﬂl/l’)
N o the diffusant flux (!01/.2-5)
t = the tise (s)
x = the linesr dimension (m)
1f the flux obeys Fick's first lav,

Ne.pil
'}

(BS)
vhere D = the diffusivity (.2/0)
Eq.BS can be sudstituted into Eq.B4 to yield:
¥k, 22
- [° n (86)

This is the dasic equation of diffusion in a thin sheet and 1is equivalent
to Fick's second lav 1! the diffusivity is constant:

2
¥ ¢
14 ‘.!

In genersl the concentration depends on time, position, and the
diffusivity, as well as the boundary conditions of s particular probles.
Solutions of Lqs.36 snd 37 have deen given for & variety of boundary
conditions and diffusivities (36,37). Most of the pudlished solutions
require knowledge of the functional form of the diffusivity, bdut Crank
and Park (B8) and Crank (36) discuss practical ways of using the thecry
to evaluate the diffusivity from sorption and desorption fsotherms.
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One set of boundary conditions for which an analytical solution
of Eq.87 1s available is:

..o exe0, 150

'} (B8)

c=0 ¢ Ogxnst, ¢t = 0
cec €xe=t, v20

These boundary conditions represent » step change 1n surface concentration,
at x = 1, st time zero. For these conditions, the diffusivicy ts

easily determined by plotting the dimensionless uptake of sordate (lv)
versus the square root of time.

lv - H‘/H. (39)
vhere H‘ e the total amount of gorbate present at time t
. the total amsount sorbed at long times (equilidrium).
[l
H - , c(x,t)dx (810)
t lo

This theory 1s equally applicabdble to desorption provided H‘ and M
represent quantities of diffusant lost,

At t =0
dr, ¢
aJr tJs

The olopc,dlvld«J t . is nearly constant for uv«o.s (2g. plé6).

It §s also easy to calculate the diffusivity at long time, provided
an accurate valus of i, 4s known. At long times

@ ["“’;‘f’] y ‘.'%!'2 ®12)

12 both Egs.311a0dD12ere spplied to & single sorpiton experiment, & single
value of the diffusivity should be obdtafned. If this is not found,
the diffusivity s not & constant.

n
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Apparatus

The crystal oscillator spparatus was designed to subject the coated
crystals to an isothermal, step-change in relative humidity. The crystal
and the oscillator were suspended inside s metal chamber mounted inside a
Plexiglas box. The crystal was first allowed to equilibriste with the
ataosphere inside the inner (metsl), chasber. Then, the inner chamber
was opened and the crystal vas exposed to the atmosphere in the Plexiglas
box. A good step-change in relative humidity was reproducidly produced
using this technique.

The "humidity chamber” apparstus 1s 1llustrated in Fig. Bl. The
outer chasber was constructed of 6.35 mm thick Plexiglas and was insulated
with 3/4 in thick stryofosn. The volume of the outer chamber was 15 liters.
The temperature in the box was controlled with a VWR #14370-030 proportional
controller. The main constanc-temperature bath was located outside the
box and water was circulated from the bath through a finned-tube heat
exchanger f{neide the box. The air inside the box was circulated with a
fan. Three copper-constantan tharmocouples were used to meassure the
temperature at different locations in the box. The maximum temperature
difference between the different locations was 0.1°C, and a long-ters
temperature fluctuation of 0.3°C was observed.

The inner chamber was composed of two parts: & movable "cup,” and

s stationary "“114.” The 14d was attached to the Plexiglas dox with a
setal bracket. The cup could be raised snd sealed against the 1id to form
the inner chamber, or lovered to open the chamber. The cup vas aligned
with the 1id by a Plexiglas tube attached to the box. Both the slignment

tube and the bracket supporting the 1id vere perforated wvith holes

\*l0 am diam.) to allow air to circulate completely around the inner
chamber. [n the rsised posftion, the cup was supported by a Plexiglas
column resting on a closed trapdoor. When the door vas opened the entire
cup~colunn assembly could be removed from the box. The cup and 1id
were doth constructod of 1 me thick sheet metal. The cup vas 92 =»

high and 33 == 1in dismeter, vith & volume of 219 al.

78
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The oscillator end crystal holder comprised s single unit which was
mounted on the tneide surface of the 11d. The oscillator was & "Digital
Sensor Head,” #900010, Sloan Technology Corp., Sants Barbars, Calif. The
oscillator was povered by 8 6 V regulated supply (Acopian, model 6E20D).
The frequency was seasured with g GCeneral Radio, model 1191 frequency
counter and sutomstically recorded on paper tape with a Datil, model DPP-Q?
thernal printer. Only the “Digital Sensor Nead" was inside the Plexiglas
box. The circuit diagras of the electrical connections bdetween the powver
supply, the oscillator, and the frequency counter is shown in Fig. B2. A
low-pass filter (Fig. B2) was used between the oscillator and the frequency
counter. The filter vas not & necessary part of the circuit, but it
reduced the effects of stray capacitance.

The crystals for the oscillator were purchased from Sloan Technology
Corp. They were AT-cut gquartz discs 12.5 sm in diameter and approximstely
0.3) m» thick. The nominal f{requency was 3.0 MHz. The as-received crystals
had been coated on both sides with a thin layer of setal. The metal
provided electrical contact with the crystal as it rested in the holder.
Crystals vith either gold or silver coatings were used. Only part of one
surface of the crystal vas exposed to air wvhen it was in the holder. The
exposed surface was visible through an 8.0 sm diameter hole in the i
crystal holder. :

Procedure

The first step in the procedure vas to record the base frequency (fq)
of the uncoated crystal inm "dry” air st 31°C. Calcium sulfate (Drierite)
desiccant was used to maintain dry conditions. Several of the crystals vere
also wveighed on a Cahn, model gras-1501, electrobalance, with s repro-
ducidility of 210 ug. The base frequencies (l.) snd base weights (vq) vere
seasured st least three times for each crystal.

" * After the base data had deen obtained, the crystals were prepared for
Ky H painting. The crystals were flat only on one face. The other face vas

slightly convex. Lu snd Lavis (BS) used sisilar crystals to confirm the
acoustic resonator theory. Teets showed that the crystal could oscillate
with the greatest sass attached to the flat side. Nasks wvere vsed

te produce uniform-diameter paint spots vhich were centered
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on the flat side of the crystal. The masks were cut from plastic
electricians tape vith & cork bore. Various spot diameters were tested,
but 5.8 am vas standard. The individusl spot diameters vere determined

by averaging st least six measurements of the dismeter (20.3 sm) made

with a meral rule. The paint ves epplied to the crystals wvith a 1 ul
pipet. Different coating thicknesses were schieved by diluting the paints
with the appropriate solvent prior to application. The costings vere
alloved to dry for several days st ambdient conditions. The average
laboratory tempersture vas 23°C and the average relative humidity about
60%. After the coating had dried the magk wvas removed by soaking the
crystal in an organic solvent. Several solvents have been used but

hexane vas one of the best. It dissolved the sticky side of the tape

and had no apparent effect on the coatings. The crystals vere

scaked 1in hexane for ten to fifteen minutes; then the mask was lifted

off with & pair of tweezers. The mask was inspected for visible

traces of metal. 1If metal flecks were found the crystal was considerad
defective. Crystals vere also classified as defective if any trace of the

sask reasined imdedded in the paint, or {f any part of the paint becamse
detached from the crystal.

After the masks had been removed, the crystals were rinsed with
hexane and dried in ladoratory afr for at least several hours. The
frequency ((‘) vas then messured after equilidrating the crystals vith

& dry atsosphere. The crystals were slso veighed (v‘) vhile being
desiccated.

At this stage the painted ¢ _stals were ready for the diffusion
experisents. The crystals wvere placed in the holder with the paint spot
visible through the hole. The holder was then attached to the rest of
the oscillator assembly, and cecillation vas confirmed vith the
frequency counter or an oscilloscope. A saturated salt solution was
placed (nside the cup, and the cup vas raised to seal the inmer chamber.
Desiccant, or & second salt solution, vas placed ia the outer chamber
vhich vas chen sealed. Tharmocouples were used to detersine the temper-
atures in both the innmer end outer chambers. Whea all chermoceuples and
the frequency had sttained s steady state the printer wes turned om,
and the [requency counter was adjusted for a 1 ¢ ine peried. A stopwatch

2
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vas started, and the cup vas dropped st & well-specified time. The
frequency (f) was sutomstically recorded every second for approxi~
mately 100 seconds. Then the time period was changed to ten seconds.
Frequency seasurenents wvers continued in this manner until s total
elapsed time of )OO seconds had passed. Most experiments had reached a
"steady state” in 300 seconds, dut some were extended up to 2 hrs. total
time.

Each crystal vas tested at least twvice for each step change in
relative humidity. The standard procedure wes to allov the “closed-cup”
system 16 hours to reach steady state. The first experiment was
then conducted. Uhen this experiment wvas complete (usually 5 to 20
ain.) the cup wvas raised sgain snd the system vas allowved to stand
for adout 7 hours. A second experiment was then conducted as defore.
The frequencies obtained from the two experiments were compared at each
time tnterval. 1f both experiments vere in satisfactory agreement, the
results of the first run vere used to calculate the wvater diffusivity.
If the experiments did not agree the sequence vas repeated.
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APPENDIX B

Experimental Results
Water Solubility

SR b




|
|
k NADC-84107-60

| Table B1

GP-PUR Paint Speciwens Used
in the Cryetal Oscillator Apparatus

4 Crystal Paint Paint
Number Mass Thickness
(ng) (pm)
59 0.263 6.3
_ 60 0.304 7.3
| ) 0.293 7.0
§ 13 0.381 13.9
| 2% 0.276 6.6
1 7 0.176 4.2
) |
!
Table B2

Soludbility of Water in GP-PUR®

Paint
Thickness Tewp. Crystal Solubilicy

(um) (*c) (.—nIOIg-potat)
6.2 3.1 75 1.79 &-2

6.) 3.8 39 1.86 -2

6.6 31.3 74 2.06 g-2

7.0 3.9 72 2.05 g-2

1.3 3.8 €0 2.16 -2
13.9 n.s 1 2.4} E-2

Average 2.06 B-2
0 (29.22 B=2)

*The equilibriue vapor pressure of weter 1s
3.52 kPa.
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3.0
)
=30 b
cN
=
o
3
5 Slope = 7.95 ig-kPa
= 2.0 o
3 o ® Int. = -0.62 &
( ]
S r = 0.999
1.0
S [ ]
0 t 1 ) 1 1
0 0.} 0.2 0.3 0.4 0.5
PAINT MASS (mg)
’ Fig. 89. Solubility of water in GP-PUR at 30.6°C.
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Table B3
FP-PUR Paint Specimens Used
in the Crystal Oscillator Apparatus
Paint Paint
Crystal Mass Thickness
Nusber (ng) (o)
) .164 4.0
78 .218 5.3
62 .248 6.0
7 .258 6.3
6l .370 8.9
Table Bé
* Solubility of Water in FP-PUR®
Patint Crystal Solubility
Thickness Temp. Number
(u8) (°C) (g HZO/g paint)
3 -
| 4.0 32.0 77 2.55 x 1073
5.3 32.0 78 2.91 x 1072
6.0 3.9 2 2.63 x 1072
6.3 32.0 76 2.96 x 1072
8.9 31.9 61 2.87 x 1072
“.0 35.9 " 2.22 x 1072
5.3 35.9 78 3.17 x 107°
6.0 35.8 62 2.28 x 1072
8.9 38.7 61 2.88 x 1072
4.0 40.6 77 2.08 x 1072
5.3 %0.2 78 2.%6 x 1072
6.0 40.3 62 2.28 x 1072
8.9 %0.3 61 2.3 x 1072
* fquilidrium vapor pressure of water is ).52 kPa.
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.0 | 1 1 1 4
0 0.1 0.2 0.3 0.4

"p (mg-paint)

Fig. B10. Wster sorption by FP-PUR at 32.0 £ 0.1°C. Linear regressicn forced

through the origin: slope = 1.069 ug-vater/(sg-paint - ®n ng),
correlation coefficient = 0.999.
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(vg-water/mm Ng)

0 A 1 L 1 ﬂh

0 0.1 0.2 0.3 . 0.4

np (mg-paint)

Fig. Bl1. WUeter sorption by FP-PUR at 35.8 ¢ 0.1°C. Linesr regression forced

through the origin: slope = 1.033 yg-water/(mg-paint * ma Hg),
correlation coefficient = 0.992,
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Fig. 512. Water sorption by FP-PUR at 40.4 2 0.1°C. Limssr regression forced

through the origian: slops = 0.884 ug-weter/(ug-paint - Ng),
correlation coeffficient = 0.999.
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Table BS

YP-Epoxy Paint Specimens Used
in the Crystal Oscillator Apparastus

Crystal Paint Paint
Nusber Mass Thickness
ng) = (uw)

b Y 276 5.6

8 .106 2.2

79 .204 4.1

81 .070 1.4

Table D6

Solubility of Water in YP-Epoxy*

Paint Crystal Solubility
Thickness Tewp. Number " vads

(um) (°C) (s u20/. paint)
1.6 30.5 81 1.98 E-2
2.2 30.7 58 8.90 E-3

| 4.1 30.1 79 1.43 E-2

[ 5.6 30.7 $? 1.25 8-2

|

‘ Average 1.39 E-2
’ 0 (40.45 E-2)

* The equilibriue vapor pressure of vater is 3.52 kPs.
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0.8

SLOPE OF 1SOTHERMS  (11g-H,0/kPa)

Slope = 3.42 ;g%ﬁ,;

re= 0,943
0.4
0.2
0 l A
.0 0.1 0.2 0.3
PAINT MASS  (mg)

Fig. B17. Solubility of weter in YP-Epexy at 30.5°C.
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Water Diffusivity
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Zadle 3?7

Water Diffusivity &n FP-PUR
Crystal #77, 0.164 mag of Paint
Thickness = 4.0 ym

10 Relstive
10°" = Diffusivicy Hunidity Teaperature Dste of
Range Experinent
(ca?/s) [63) (*c)
26.4 0 - 81.7 30.9 4/13/83
29.6 0 - 28.4 31.2 $5/18/83
25.8 27.9 - 55.1 31.7 6/1/83
15.6 54.8 - 76.1 a.9 6/16/83
12.6 76.1 - 93.7 1.5 6/29/83
36.1 0-27.1 35.2 8/11/83
32.6 26.1 - 53.9 5.6 8/4/8)3
24,1 $3.7 - 75.7 3s.7 7/22/83
16.1 75.6 - 92.8 35.5 7/20/83
50.2 0~ 25.8 39.1 8/22/83
333 25.8 - 33.0 3s.8 8/29/83
104
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a
Table 38
| Vater Diffusivity in FP-PUR
Crystal # 78, 0.218 mg of Paint
% Thickness = 5.3 um
‘; 10 Relstive
! 10°" x Diffustivity Nunidity Tenperature Date of
! Range Experiment
(co?/s) (2) ()
75.% 0 - 81.7 30.7 4/18/83
75.5 0- 28.3 31.4 5/18/83
75.5 27.9 - 55.1 31.7 5/20/83
) 53.9 54.9 - 76.2 .2 6/24/83
62.7 76.1 - 93.7 31.5 6/27/83
75.5 0 - 26.9 35.6 8/10/83
75.5 26.7 - 53.9 35.6 8/8/83
80.0 $53.8 - 75.6 ) 35.6 7/22/83
60.5 75.6 -~ 92.7 35.8 7/21/83
I
75.5 0~ 25.9 38.9 8/26/83
75.3 25.8 -~ 53.0 38.8 8/25/83
105
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Tadble B9

Water Diffusivity in FP-PUR
Crystal #62, 0.248 mag of Paint
Thickness = 6.0 us

10 Relstive
10" x Diffusivity Rumidity Tenperature Date of
Range Experiment
colre) @) °c)
3.1 0-81.9 29.5 9/13/83
38.9 0 - 28.4% 31.2 5/16/83
48.% 27.8 - 55.1 3.9 6/7/83
28.8 $54.8 - 76.1 3.8 6/13/83
27.7 76.1 - 913.7 31.2 1/5/83
60.5 0 - 27.0 3.5 8/12/83
68.0 26.7 - 53.9 35.8 8/3/83
k.2 $3.7 - 75.6 3.7 7/25/83
36.2 75.6 - 95.8 35.3 7/15/83
75.5 0 - 25.8 39.1 8/17/83
75.5 25.8 - 53.0 38.8 8/31/83
Table B10
water Diffusivity fa FP-PUR
Crystal 076, 0.258 mg of Paint
Thickness = 6.3 un
10 Relative
10" x Diffusivity Humidicy Temperature Dete of
Range Experinent

(cn’/s) (®) °c)
5.8 0-~-20.4 3.5 $/11/83
3.4 27.9 - 35.0 3.9 6/6/83
20.9 81.5 - 93.7 3.4 6/30/83
2.8 75.6 - 92.8 35.5 1/18/83
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Tadble 311

Water Diffusivity in FP-PUR
Crystal 061, 0.370 ng of Paint
Thickness = 8.9 v»

10 Relative
10" = Diffusivity Huatdity Teaperature Dete of
Range Experisent
(cnd/s) @) *c)
39.4 0-81.5 29.3 9/10/82
3.4 0~ 28.3 1.4 5/9/83
40.3 27.9 - 55.1 31.8 6/9/83
3%.7 54.8 ~ 76.0 3.8 6/10/83
32.4 76.1 -~ 93.6 31.5 7/6/83
54.9 0~ 26.9 3s5.8 8/15/83
64.4 26.9 -~ 54.0 35.3 8/1/83
43.6 75.6 - 92.8 3s.2 7/14/83
75.5 0~ 25.9 3.1 8/16/8)
75.5 25.6 - 52.8 39.8 9/2/83
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Table 812

Water Diffusivity in GP-PUR

Relative
-10 Humidity
D x 10 Range Temp. Date Crystal
(ca?/e) ) )

23.6 0 - 32.7 1.3 10/28/8) 75
15.3 3.6 -~ 55.2 31.2 10/31/83 73
10.0 59.2 - 76.5 29.6 11/16/83 73
10.9 80.1 ~ 94.0 30.0 11/18/83 15
29.3 0- 2.8 1.1 10/19/83 59
19.3 36.3 - 58.2 .2 11/9/83 59
9.7 58.1 ~ 76.4 3.3 11/10/83 39

7.9 76.4 - 9.1 30.2 1/17/84 59 ,
31.2 0- 32.8 1.1 10/26/83 74
30.3 3.6 - 35.5 30.9 11/1/83 74
27.9 $8.1 - 76.3 1.2 11/16/8) 74
10.7 81.0 - 94.2 29.6 11/22/83 74
27.2 0-32.9 31.% 10/24/83 n
15.9 3.4 - 55.3 3.0 11/3/8)3 72
10.8 57.8 = 26.4 . 11/14/8) 72
9.9 16.4 -~ 94.0 30.0 1/11/84 72
31.9 0 - 32.7 3.3 11/21/83 0
1.4 3.5 - 35.5 3.1 11/8/83 60

8.5 57.8 - 76.1 31.3 11/11/83 60
3.3 76.5 - 94.1 29.9 1/17/84 60
3.9 0~ 3.6 .2 10/25/8) n
19.6 3.2 - 54.8 .4 11/3/83 73
26.1 $7.6 - 76.3 n.0 11/15/83 12 )
19.6 76.5 - 94.0 30.4 11/28/8) 73
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Tadble B1)

——

Water Diffusivity in YP-Epoxy

10 Relative Humidity Date of
107" x Diffusivity Range Temp. Experiment Crystal Number

(cn’/s) @) (°c)
: 78.44 0 - 3 29.7 2/17/84 $7
K 50.84 3 - 56 30.5 2/7/84 57
‘ 1.3 55 - 76 30.9 2/3/84 $?
17.44 76 - 94 29.8 1/19/84 57
70.22 0 - 34 30.3 2/16/84 58
10.47 3% - 58 30.8 2/8/84 58
{ 6.74 56 -~ 76 30.6 2/3/84 58
2.87 76 - 9% 9.7 1/23/84 58
64.68 0 - 32 26.7 2/21/84 79
23.41 33 - 56 29.1 2/10/84 79
7.09 55 = 76 31.2 2/1/84 9
4.462 76 - 92 30.0 1/26/84 79
£.7% 0-3 28.3 2/13/84 81
2.76 % - 36 29.3 2/13/84 81
1.25 56 - 76 30.6 2/2/84 ()}
0.92 76 - 99 30.1 1/26/84 81
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